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SUMMARY 
The theory for a laser technique for the detection of nitrogen 
dioxide (NC^) as an atmospheric pollutant is developed and experi­
mental results are given. The measurement scheme is based on the 
difference in absorption by nitrogen dioxide of two wavelengths 
of an argon-ion laser as it propagates through the atmosphere. 
Although tests in the atmosphere are not complete, preliminary results 
indicate that ambient urban NO^ concentrations ( . 0 1 - . 2 0 ppm) can 
probably be detected and measured by a light absorption technique 
over a path length of seven km. 
The production and properties of nitrogen dioxide as an 
atmospheric pollutant are discussed, along with the methods which 
have been used or suggested for its measurement. The most feasible 
methods of remote optical sensing of pollutants in the atmosphere 
are presented and the reasons for selecting the absorption technique 
are discussed. 
The mathematical absorption theory is developed and includes 
attenuation parameters for scattering processes in addition to the 
absorption by NO^. Possible interferences by other light absorbing 
gases are considered. 
The absorption spectrum of M ) ^ in the visible region is 
presented and the absorption coefficients for the discrete output 
wavelengths of a mercury lamp and an argon-ion laser are given. An 
xi 
experiment is described -which was designed to use these absorption 
coefficients of N 0 2 for the argon-ion laser to measure the N 0 2 con­




Nitrogen Dioxide as an Air Pollutant 
Production of^NO and Atmospheric Reactions 
Of the various oxides of nitrogen, the most important as air 
pollutants are nitric oxide (NO) and nitrogen dioxide (NO,-,),1 which 
are jointly labeled as NO . They are interconverted in the atmosphere 
X 
with their ratio depending on conditions such as the amount of sun­
light, hydrocarbons, and ozone present. NO is emitted into the 
X 
atmosphere in three different concentration ranges: 
( 1 ) localized as NO^ and NO in high concentration but small 
total amounts from nitric acid or nitration processes; 
( 2 ) somewhat localized as NO (initially) in intermediate 
c o n c e n t r a t i o n but large total amounts from combustion processes; 
( 3 ) non-localized as NO in the ambient atmosphere in low 
X 
concentrations but very large total amounts from the biological 
nitrogen cycle. 
The natural nitrogen cycle introduces NO into the atmosphere at a 
X 
concentration of several parts per billion, and when removed from the 
air by rain and converted to nitrates, it serves as a vital fertilizer 
for plants. The normal urban concentration of 0 . 0 2 to 0 . 2 parts per 
million (ppm) is considerably higher than the natural concentration 
and is due principally to internal combustion engines (one-half of 
2 
man-made amount), electrical power plants (one-third), and heating 
requirements and industrial processes. The NO emission concentration 
Jv — — — — — — 
from stationary combustion sources is typically 50 to 1000 ppm, and 
2 
from nitric acid plants is 1000 to 10,000 ppm. 
Almost all of the NO initially formed during combustion is 
NO, which is subsequently oxidized in the atmosphere to the more 
toxic and irritating N0^• During high temperature combustion 
processes, NO is formed in an endothermic reaction: 
N 2 + 0 2 ^ 2N0. (1) 
The NO is emitted into the atmosphere and is probably partially 
converted to N0g by a series of reactions 
NO + 0 2 £ N 0 3 (2) 
N0 3 + NO -» 2N0 2. ( 3 ) 
The conversion to N0g by this process is appreciable only when the NO 
concentration is greater than 100 ppm. Most of the N 0 2 formation is 
due to more complicated reactions involving absorption of sunlight 
and interaction with hydrocarbons, oxygen, and ozone. While these 
3 
reactions are complex and varied, they are important in the field of 
air pollution because the resulting photochemical oxidants are very 
destructive to plant and animal (including human) life. 1 One particular' 
3 
ly important photochemical reaction involving NO^ and leading to 
photochemical oxidants is 
sunlight 
N0 2 + NO + 0 . 
Detrimental Effects of Nitrogen Oxides 
Although NO is most harmful as a pollutant in its interactions X 
leading to photochemical smog, NO and particularly N0 2 in themselves 
cause material damage and adverse health effects. Nitrogen dioxide 
reaction products have been shown to cause corrosion and failure of 
electrical components where average NO levels were 0 . 0 6 6 to 0 . 0 8 U ppm 
X 
(12k to 1 5 8 ^g/m 3) - 1 
Adverse health effects in the form of greater incidence of 
acute bronchitus among infants and school children have been observed 
when the mean 2k hour N0 2 concentration varied from O .O63 to O.O83 ppm 
( l l 8 to 1 5 6 (ig/m ). Increased incidence of acute respiratory disease 
has been observed in family groups when the mean N 0 2 concentration was 
0 . 0 6 2 to 0 . 1 0 9 ppm ( 1 1 7 to 2 0 5 LLg/m ), as measured by the Jacobs-
k 
Hochheiser method. These studies were used in setting the national 
primary and secondary ambient air quality standard for nitrogen 
dioxide, which is 0 . 0 5 ppm ( 1 0 0 p,g/m ) - annual arithmetic mean as 
measured by the Jacobs-Hochheiser technique. 
Measurement Techniques for Nitrogen Dioxide 
It has recently been reported that the efficiency factors 
associated with the Jacobs-Hochheiser reference method are in con­
siderable error, and the resulting calculated values of N0 Q concen-
k 
tration are too high. 5 The Jacobs-Hochheiser method can be described 
briefly as a chemical technique whereby NO^ is collected by bubbling 
air through a sodium hydroxide solution to form a stable solution of 
sodium nitrite . The nitrite ion produced during sampling is determined 
colorimetrically by reacting the exposed absorbing reagent with 
phosphoric acid, sulfanilamide, and N-l-napthyl-ethylenediamine 
dihydrochloride. The samples are usually taken over a 2k hour period 
and the nominal NO^ detection range is 0 . 0 1 to 0 .k ppm ( 2 0 to 7^-0 (ig/m ) 
of NO^ . However, the Environmental Protection Agency (EPA) approved 
method utilizes a 3 5 percent collection efficiency factor independent 
of the concentration of NO^ . It has been reported that actually the 
efficiency factor is concentration dependent and is generally higher 
5 6 
than the constant value suggested by EPA. The factor varies from 
65.I percent at 0 . 0 5 ppm to 3 5 . 0 percent at 0 . 2 1 5 ppm. Thus, the EPA 
recommendation gives erroneously high values of NO^ in the usual 
concentration ranges ( 0 . 0 2 to 0 . 2 ppm). Because the efficiency 
factor is concentration dependent, a variation in the concentration 
during the sampling period makes the results very difficult to inter­
pret . 
Various other methods have been suggested for N 0 o and NO 
measurement which do not rely on a concentration dependent calibration 
factor. The Griess-Saltzmann method is a wet chemical method1 similar 
to the Jacobs-Hochheiser technique. Air is bubbled into a solution of 
the Griess-Saltzmann reagent for 30 minutes and the color is allowed 
to develop for an additional 1 5 minutes. The N 0 Q reacts with sulfanilic 
5 
acid to form a diazonium salt, -which couples with N-1-napthyl-
ethylenediamine dihydrochloride to form a deeply colored azo dye. 
The attenuation of light at 5 5 0 nanometers (nm) is proportional to 
the concentration of NO^ in the air in the range 0 . 0 2 to 0 . 7 5 VVm 
(ho to 1 5 0 0 ^g/m )• The drawback of this method is that samples must 
be analyzed within one hour of the sampling period. A description 
of these two wet chemical methods has been included to give an 
indication of the complexity of analyzing the results after the sampling 
is performed. Among other techniques which have been suggested as 
alternatives to the Jacobs-Hochheiser reference method are: 
( 1 ) a triple system for continuously measuring carbon monoxide, 
7 
sulfur dioxide, and nitrogen dioxide based on the fuel cell principle; 
( 2 ) a method for determining N0„ in which ozone is titrated 
X 
in the gas phase with a reactive gas and the reaction produces light 
by chemiluminescence;^ 
, >. Q 
(3) gas chromatography; 
(h) long-path infrared spectroscopy; and 
( 5 ) derivitive spectrophotometry.1^'11 
It is expected that the reference method for NO^ will be changed 
by the EPA from the Jacobs-Hochheiser technique to the chemiluminescent 
method. 
Several workers have pointed out the need for NO measurement 
X 
devices which do not rely on the wet chemical methods involving 
2 7 7 
treatment of samples. ' Morgan, and co-workers for the EPA, have 
commented about wet chemical methods: 
6 
In the past, the operation of most mechanized and auto­
matic analyzers has been based on wet chemical methods. 
These methods have inherent problems and are not entirely 
satisfactory for typical field applications because they 
must be attended frequently, reagents are unstable, and the 
instrumentation requires complex plumbing and accurate 
solution pumps with the result that the instruments are heavy 
and bulky. Future instruments hopefully will utilize the 
physical or physiochemical properties of pollutants for 
identification and quantification. 
Based on the need for a direct measuring device, the decision 
was made to investigate optical techniques which could accurately 
and instantaneously measure normal urban concentrations of pollutants, 
and in particular, NO^• 
Optical Methods of Air Pollution Surveillance^ 
Several optical methods have been suggested for the remote 
detection of air pollution: Raman backscattering, resonance Raman 
1 2 
backscattering, resonance backscattering, and resonance absorption. 
A summary of these techniques, which usually use lasers for light 
sources, is given below. 
Raman spectra depend on the collision of incident light quanta 
with the molecule, where the molecule is induced to undergo a change 
in energy through a pure rotational, or a vibrational, or a rotation-
vibration change . The corresponding emergent light quantum is 
altered in energy (and frequency) by this amount. The Raman effect 
depends on a changing polarizability during the vibration or rotation. 
The vibrational Raman shifted frequencies are specific and allow 
interference-free detection of many important pollutant molecules. 
The Raman technique employs a high power fixed frequency laser to 
7 
excite a large number of these transitions for the different molecules 
present in the atmosphere. The resonance Raman technique is similar 
except that a tunable frequency laser is employed so that the ex­
citing frequency is nearly matched to an absorption frequency of a 
particular molecule. This increases the Raman cross section greatly 
12 13 
for that molecule. The usual remote Raman technique 7 consists 
of a high power laser (tunable for the resonance technique) with the 
collection optics and electronics located at the Raman source. Thus, 
it is the backscattered Raman signal which is examined. The collected 
light is focused into a spectrometer (usually a double spectrometer) 
which separates the Raman shifted radiation from the backscattered 
light. The data must then be processed to identify the different 
molecules present. The Raman scheme has the advantages of depth 
resolution, and the fact that all the optics are in one location. It 
has the disadvantages of a lack of sensitivity (about 10 ppm at 
12 
100 m. with less sensitivity at greater distances), and a require­
ment for sophisticated collection optics and data processing. 
Resonance absorption and emission processes depend on a 
changing electric dipole moment of the molecule during the transition. 
Resonance backscattering requires the use of a tunable source which 
selectively excites various pollutants. After excitation, the excited 
molecule emits spontaneous radiation into a solid angle of kn steradians. 
Monitoring the backscattered radiation determines the type of pollut­
ants and their relative concentrations. This technique is similar in 
operation to the Raman method except that in electronic molecular 
excitations the backscattered fluorescence bands are sampled rather 
8 
than the Raman shifted radiation. This shift in wavelength for 
molecular excitations allows discrimination against Mie backscattering 
which is the limiting factor for atomic excitations where there is 
no wavelength shift. The resonance backscattering method for molecular 
electronic transitions gives some information on both the location and 
relative concentrations of the pollutants, but absolute concentrations 
are difficult to calculate. The system requires large collection 
12 
optics and some data handling equipment. 
The resonance absorption scheme is based on the decrease in 
transmitted intensity when the light source is tuned to an absorption 
frequency for the pollutant. A tunable laser is used to tune across 
an absorption band, or a multiple-wavelength laser with wavelengths 
corresponding to both the absorption frequency and to non-absorbing 
frequencies is used. A comparison of the intensities at the absorbed 
and transmitted wavelengths gives a measure of the total integrated 
pollutant density in the beam path. The intensity measurements are made 
at a remotely located detector, or a retroreflector is employed to 
return the signal to the source location for measurement. This method 
has the advantages of high sensitivity, relative simplicity, and 
minimal beam powers. It has the disadvantages of no depth resolution, 
and a requirement for a retroreflector or a remote detector. 
The absorption technique was selected for a feasibility study 
for the detection of NO^ in the visible region. This method was 
selected because with its high sensitivity it appeared to be the only 
method capable of accurately measuring the normal urban N0 9 concen-
9 
tration. The absorption of light by NO^ "was first studied using a 
tungsten lamp with a continuous output from kOO nm to 7 0 0 nm, with 
a monochrometer used for a wavelength filter . The resulting absorption 
spectrum displayed overlapping bands throughout the visible region 
( ^ 0 0 to 6 5 0 nm), with the strongest absorption in the deep blue-
violet (kOO to h60 nm) and becoming progressively weaker towards 
the red (above 6 0 0 nm). Based on this spectrum, two sources with 
discrete output wavelengths were selected as possible light sources 
for a N0^ detection device. The absorption coefficients for the 
output wavelengths of these two sources, a mercury lamp and an 
argon-ion laser, were measured and the argon-ion laser was selected as 
the light source. The argon-Ion laser has two output spectral lines 
which are separated in wavelength by only 5 - 2 nm, but differing in 
absorption coefficient by a factor of two. By comparing the relative 
strengths of these two lines after transmission through the atmosphere, 
it was thought to be possible to calculate the average N0^ concentration 
in the light path of the laser. The mathematical theory for this 
calculation is presented in the next chapter. 
10 
CHAPTER II 
MATHEMATICAL THEORY OF THE ABSORPTION TECHNIQUE 
The purpose of this mathematical development is to show how 
measurable quantities such as light intensity, path length, and ab­
sorption coefficients can be used to determine the desired quantity -
that is, the average atmospheric N0^ concentration. Specific calcula­
tions are made for the output wavelengths of a TRW Instruments Model 
71B pulsed argon-ion laser since this was selected as the light source 
for the NO,-, detection device. The output wavelengths for this laser 
are ^6.5, kQQ.O, U 9 6 . 5 , 5 0 1 - 7 , and 5 1 ^ - 5 nm. In this chapter an 
equation relating the ratio of the transmitted intensities of two of 
these lines to the average NO concentration is shown. The difference 
2 
in the attenuation of these two wavelengths is due not only to a 
d i f f e r e n c e in a b s o r p t i o n by NO,-,? but a l s o to w a v e l e n g t h - d e p e n d e n t 
scattering processes . The possibility of absorption by other gases 
is discussed in Chapter IV. 
Gaseous Absorption of Light 
The energy for an isolated molecule may be written as, 
E = E + E + E + E, (k) e v r t 
where E is the electronic energy, E is the vibrational energy, E is 
11 
the rotational energy, and is the translational energy. The first 
three terms are quantized and take discrete values only. These values 
are specified by quantum numbers and the set of quantum numbers 
describes an energy state. For absorption and emission processes 
radiation interacts with molecules by causing a transition from one 
energy state to another, the frequency (v) of the absorbed or emitted 
quantum being given by 
E = h v ( 5 ) 
where h is Planck's constant, and E is the difference in energy 
between the two states. In absorption and emission processes, an 
atom or molecule interacts with electromagnetic radiation through 
its electric or magnetic dipole or quadrupole moments. 
The least energetic transitions involve changes in the 
rotational energy of the molecule which give rotational spectral 
lines occurring in the microwave or far infrared region of the 
spectrum. Vibrational energy changes, involving changes in the 
vibrations between the atoms making up the molecule, are much larger 
than rotational ones and rotational changes usually accompany the 
vibrational changes. The resulting group of spectral lines for a 
single vibrational change, coupled with the several possible smaller 
rotational energy changes, forms a vibration-rotation band in the 
intermediate infrared spectrum. Electronic transitions involve 
electrons changing from one orbit (quantum state) to another which 
12 
results in even larger energy changes of a few electron volts. The 
electronic changes in molecules are always accompanied by changes in 
vibrational and rotational energy levels, which form complex spectral 
band systems in the visible and ultraviolet spectral region. 
The absorption spectrum of nitrogen dioxide in the visible 
region is due to electronic transitions which give rise to a set of 
very complex overlapping band systems . This spectrum has been 
measured"^4 '"^ ' ^ ' ^ and attempts have been made at theoretical 
± - * ^ 4- 1^4 , 1 5 , 1 8 , 1 9 , 2 0 , explanations for some of the band systems, ' 7 5 but no 
satisfactory explanation of the complete visible range spectrum has 
yet been presented. Part of this investigation has involved measure­
ment of the absorption of NO^ in the visible region and calculation of 
absorption coefficients for specific wavelengths with better accuracy 
than has been previously reported. 
Beer's Law, which describes light attenuation due to absorption, 
can be derived by considering a volume of absorbing molecules at 
concentration c. Let the attenuation (at a given wavelength) per 
unit concentration, per unit path length in the volume, per unit 
incident light intensity be given by a. If the intensity is given by 
I and the path length by r, then the attenuation per unit length is 
dl/dr = -l ac. ( 6 ) 
Rearranging and integrating the distance from zero to R, the total 
path length through the absorbing gas, and integrating I from 1 ° 
to I , the initial and final intensities, respectively, one gets, 
13 
R 
1 R J dl/l = J -o-c dr ( 7 ) 
o " 0 
log e(l R/l°) = " acR (8) 
I R = I°exp(- acR). ( 9 ) 
Dropping the subscript R for the final intensity gives 
1 = 1 ° exp (_acR) ( 1 0 ) 
which is Beer's Law. From the previous discussion, it can be seen 
that a is a function of wavelength, the function being described 
approximately by a spectrophotometry spectrum of the substance of 
interest. 
Scattering of Light 
In addition to transmission losses due to gaseous absorption, 
the light signal propagating through the atmosphere is attenuated 
and scattered by other processes . The most important of these 
processes are those due to the lack of homogeneity in the density of 
the atmosphere. These processes are usually treated under three 
separate theories, with the distinction between the processes being made 
Ik 
on the relative size of the radiation wavelength to the extent of the 
inhomogeneous region of the atmosphere. The small inhomogeneous 
regions are usually molecules or particles while the larger regions 
could be masses of air differing in temperature or humidity. Rayleigh 
scattering governs the regime where the radiation wavelength is large 
relative to the particle or density inhomogeneity, while the Mie 
theory is used when the particle is of comparable size or larger than 
the wavelength. When the inhomogeneous volumes are masses of air 
much larger than the radiation wavelength, a classical calculation of 
the scattering (or refraction) due to refractive index fluctuations 
is used. 
The Rayleigh scattering theory is derived from electromagnetic 
theory with the following assumptions: 
( 1 ) dimensions of the scattering particles are small relative 
to the wavelength (i.e., diameter less than 0 . 1 |j,m for visible light); 
( 2 ) the scattering particles and medium are not conductors; 
( 3 ) the dielectric constants of the particle and of the 
medium differ by a small value; 
2 1 
(k) the particles scatter light independently of each other. 
Along with these assumptions a spherical model for the scattering 
particle is used with a spatially uniform but time varying electric 
field applied. The interacting electric field causes the particle 
to radiate with a characteristic dipole radiation pattern. The 
scattered energy is proportional to the inverse of the fourth power 
of the exciting wavelength, and for atmospheric radiation attenuation, 
15 
Rayleigh scattering is most important in the ultraviolet region. For 
optical scattering most of the Rayleigh scatterers are molecules, so 
that Rayleigh scattering provides a fairly constant attenuation 
factor in time . The attenuation equation for Rayleigh scattering is 
similar to the one already shown for absorption, except that the 
Rayleigh coefficient B is used in place of product c<j, resulting 
in an equation of the form 
1 = 1 ° exp(-3R) ( 1 1 ) 
where B is a function of wavelength. The Rayleigh attenuation 
coefficients at the wavelengths of the argon-ion laser used in this 
experiment are given in Table 1 . 
Both the theory and the physical processes involved in Mie 
scattering are considerably more complex than for the Rayleigh case. 
Among the processes involved in the complete Mie scattering are: 
dipole, quadrapole and higher order reradiation, surface reflection, 
refraction, internal reflection, surface waves, and diffraction. A 
complex mathematical theory has been developed for Mie scattering, 
but to apply it requires not only the use of cumbersome mathematics 
but also the distribution function of particle sizes . In the real 
atmosphere the size distribution is unknown and constantly changing. 
For this reason the atmospheric Mie scattering coefficient Is usually 
estimated empirically. The following relation has been used in this 
22 
paper to estimate the Mie scattering coefficient, 
'i.able 1 . Comparison b | the At tenua t ion Joo mi.-vl ei.ts fo r 
L i g h t Sca t te r A'.;."; • ;•• •<•:. (Co-.jf f t c i on t g f o r 
Bdy le iC- 1 sctii^vxr.**. Mie so.atiorir-:- - ( v i s i b i l i t i e s 
o f , 10', :uk2 15 h;s) • and r e f r a c t i v e index 
sca t te r ing "-re cor&nared f o r the argoa- ion 
la ter wavciir-gth.-)". 
0 Ray le igh" Mie R e f r a c t i v e Index 
h i ]• n ? lucuiiacions ' iL 
3 x 10 ,m~ 6 .x 10 \ m " y (y / R ) x l o \ 
A A A A •1 
m V = 4km 3.0km 15km 
476 0.2122 1 1 . 1 6 8 4.6849 3 .2060 0 . 5 1 7 1 9 0.73049 
488.0 0.1929 10.923 4 .5461 3.0976 0.50300 0.71045 
4o6 . • 5 0.1800 1 0 . 7 ^ 9 4.W+83 3 .02.14 0.49297 0.69629 
501 . '7 • 1 0 .1726 10.646 4.3902 2.9763 0.48701 0.68787 
5 l4 . .5 O.I56.I 10 .4oo 4.2530 2 . 8 7 0 1 0.47291 0.66795 
Ca lcu la ted from p. = 3. (X / X ) \ where X = 500 nm, 3, = 0 .1750 x A A „ o O A 
-4 - 1 0 0 
10 m . 
o -1 /3 Ca lcu la ted f r o m 2 2 6N = ( 3 - 9 l / V ) (550/x)° V x 1 0 _ 3 m _ 1 where A 
V i s the v i s i b i l i t y i n km and \ i s the wavelength i n ran. 
Ca lcu la ted from 1 - 1 ° exp(-a(l/\)^^) - I ° e x p ( ^ y . ) where 
a = 6.887 ( n m ) ^ which der ives i t s value from the measured 
resu l t ( l / l ° ) = 0.623 at X = 514.5 nm. 
Since the path length R con t r i bu t i on to the t o t a l a t tenua t ion 
f a c t o r y i s not l i n e a r as i t is f o r the Ray le igh (3 R) and Mie 
A X sca t te r ing (6 R ) , an a t t enua t i on f ac to r i n un i t s o f R can not be A 
der ived as i n the other two cases. But to o f f e r a comparison 
bet-ween the var ious a t t enua t i on c o e f f i c i e n t s , y can be d iv ided by 
A 
R f o r the p a r t i c u l a r path length used (R = 7080 m) . 
17 
O . 5 8 5 V •1 /3 - 3 - 1 
m 6 - ( 3 - 9 l / v ) ( 5 5 0 A ) x 1 0 ( 1 2 ) 
where 6 for Mie scattering is analogous to B for Rayleigh scatter­
ing in equation (ll), and where V is the visibility in km and \ is 
the wavelength in nm. The attenuation equation for Mie scattering 
is just equation (ll) with B replaced by 6 . The magnitude of the 
Mie scattering depends on the amount of dust and aerosols in the 
atmosphere which is highly variable over a period of time. Thus, 6 
is a slowing varying function of time and has some wavelength dependence, 
but not as much as the Rayleigh (l / X ) ^ dependence. Mie scattering 
is larger than Rayleigh scattering in the visible region as is shown 
in the comparison in Table 1 . The Mie attenuation coefficients are 
calculated for three visibility ranges - k km which is about the 
minimum operable visibility for the detection device, 1 0 km which is 
considered typical, and 1 5 km which is taken as a maximum value for 
this location. 
Rapid fluctuations in the intensity of the atmospheric trans­
mitted laser beam were observed, and were due to the refraction of 
light by large scale atmospheric density fluctuations due primarily 
to convective currents and wind shears. This refraction caused very 
rapid fluctuations with a magnitude of about 5 0 percent of the average 
transmitted intensity. While no measurements were made, there seemed 
to be some correlation between the magnitude of the fluctuations and 
wind turbulence and convective heating currents. 
1 8 
The large intensity variations observed at a fixed receiver 
seemed to be peculiar to the laser beam since conventional light 
sources located in the same area as the reflector showed much smaller 
intensity fluctuations (barely noticable to the human eye) . The 
problem of large scale turbulence effects has been studied in con-
23,2^+ 
nection with stellar scintillation and recently several workers 
have recorded and offered various explanations of the laser scintiL-
25 2 6 2 7 
lations. ? ' The process of laser beam scintillation is not com­
pletely understood at present, but two probable reasons for the laser 
beam intensity fluctuations being larger than those of conventional 
sources are the following. First, the laser beam is well collimated 
into a very small cone which can easily be refracted from the original 
direction, while a conventional source radiates into a sphere, or, 
if focused in a particular direction, into a much larger cone than 
the laser beam. Secondly, the laser beam initially has transverse 
coherence which can be modified to some arbitrary pattern by the 
differences in refractive index along the beam path. This gives rise 
to off-axis interference effects causing angular scintillations in 
2 5 2 6 
the beam trajectory. Wohlers gives the following approximation 
for attenuation of a laser beam due to turbulence. 
( - 3 . 1 2 (2nA ) 7 /V 1 / 6 c5 (13) 1 = 1 exp 
where I is the average transmitted beam intensity, 1 ° is the 
intensity transmitted without turbulence effects, \ is the radiation 
1 9 
wavelength, R is the path length, and is a measure of the 
strength of the turbulence. No values are given by Wohlers for . 
A rough approximation of for a typical day with the setup used in 
- 8 -l/3 
this experiment gave = 1 0 m ' for the 5 1 ^ . 5 nm argon-ion line. 
The average attenuation due to density fluctuations was estimated to 
be 3 8 percent for the 5 1 ^ * 5 m*1 line. Of particular importance for 
the N0^ detection device was the difference in attenuation coefficients 
rather than the absolute values for the five argon-ion wavelengths. 
To estimate the attenuation coefficients at the different wavelengths, 
the above values for the 5 1 ^ - 5 nm line are used along with the wave­
length dependence given by Wohlers. The above attenuation equation 
can be rewritten in terms of a constant factor a and the wavelength 
7 / 6 
dependence (l/\) or in terms of a single wavelength dependent 
7 / 6 
coefficient y = a(l /X ) ' , 
I = 1 ° e x p ( - a ( l A ) 7 / 6 ) = 1 ° e x p ( - y x ) (ik) 
where a = 3 • 1 2 ( 2 t t J ' 7 ^ R 1 1 ^ C^ . The value for a can be solved for from 
the data given above for the 5 1 ^ * 5 nm line, and then the attenuation 
coefficients y ^ can be solved for from the given wavelength dependence. 
The resulting values for y ^ for the argon-ion wavelengths are shown 
in Table 1 . It should be noted that in comparing y ^ with the 
coefficients for Rayleigh and Mie scattering, the total path length 
dependence in the attenuation coefficient is R 1 1 ^ as opposed to 
the linear relation for Rayleigh and Mie scattering. To give some 
20 
comparison between the coefficients, y /R is shown in addition to y . 
A A 
Caution must also be used in interpreting these refractive index 
fluctuation coefficients because they are representative of the 
particular experimental apparatus used and are not generally valid 
for other experiments. 
Among the experimental factors affecting the intensity 
fluctuations as measured in the transmitted laser beam are the size of 
the reflector and receiving optics, and the proximity of the receiving 
optics to the output optics. An increase in the size of the reflector 
and receiving optics should decrease measured fluctuations because 
more of the angular deviations of the beam are received and recorded. 
2 3 
This has been verified in stellar observations. In this experiment 
some improvement in stability of the intensity of the return beam was 
noticed when the effective receiving aperture was increased from 2 5 mm 
to 1 0 2 mm, but not as much improvement as was expected. Also to 
decrease fluctuations, the distance between the outgoing laser beam 
axis and the optic axis of the receiving lens should be kept as small 
as is practical. 
Total Attenuation of Light in the Atmosphere 
The attenuation equations for the absorption process and the 
three scattering processes can be combined into one equation express­
ing the transmitted Intensity at a given wavelength A as, 
2 1 
where a is the absorption coefficient, p is the Rayleigh coefficient, 
X X 
6̂  is the Mie coefficient, and y . is the refractive index coefficient. A A 
It would be very difficult to use this equation alone to determine the 
concentration c of the absorbing gas for two reasons. First the 
coefficient y for refractive index fluctuations is only an average 
X 
factor, while the attenuation varies rapidly with time. Secondly, 
because of the divergence of the laser beam, only a small portion of 
the beam is intercepted and detected by the optics and electronics, so 
1° Is very much less than the output intensity of the laser. However, 
if the ratio of the transmitted intensities of two lines of slightly 
different wavelength but large differences in absorption coefficient 
is measured, then only the ratio of the two I°'s needs to be computed 
and this is very close to the same as the ratio of the intensities 
at the laser. This ratio method also allows for the cancellation of 
most of the scattering effects and thus enhances the effects of the 
absorption process. The mathematics of this ratio technique are 
shown below where the symbol a is the wavelength for the strongly 
absorbed line and b is the wavelength of the weakly absorbed line. 
( 1 6 ) 
I, = I, exp(-(CT, cR + 0 R + 6, R b b b b b ( 1 7 ) 
Taking the log of both sides of both equations, 
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= " ( C T a C R + P a R + 6 a R + ?J ( l 8 ) 
log e(l b/I°) = -Cabc.R + a bR + 6 bR + y b) . (l 9) 
Subtracting the first from the second, one gets, 
l o g e C y i ° ) - l o g e C l a/I°) = ta a - a b)cE + ( ̂  6jX (20) 
+ (Sa- 6 b ) R + ( T a - Y b ) . 
From the properties of logarithms, 
l o g e c y i ° ) - i o g e c y i ° ] = i o 6 e c i ° / i ^ ) - i ° g e ( i a / i b ) -
Solving for the concentration c, 
e = ( i / ( C a a - a b ) E ) ) ( l o g e ( l a / I ° ) - l o g ^ W - U a - f ^ B 
w h e r e all values are known or measurable, or can be estimated, except 
for c , the concentration, and the absorption coefficients which are 
presented in the next chapter. After values for the absorption 




in the detection of nitrogen dioxide due to variations in the other 
attenuation parameters. One assumption •which has been made is that the 
fluctuations of the two lines due to refractive index changes in the 
atmosphere will occur in phase, and thus most of these fluctuations 
could be subtracted out by using some type of ratio technique. 
2k 
CHAPTER III 
MEASUREMENT OF THE ABSORPTION SPECTRUM OF 
NITROGEN DIOXIDE IN THE VISIBLE REGION 
Introduction and Previous Work 
The absorption of nitrogen dioxide in the visible range of the 
IT 
spectrum has been previously studied. However, Pearse and Gaydon 
report the location of some of the strong edges and maxima only. 
Ik 15 Douglas and Huber, and Robinson, McCarty, and Keelty presented 
their results in the form of photographs of spectrograms, from "which 
absorption coefficients cannot be calculated. The work of Dixon1^ 
includes curves resulting from spectrophotometric measurements and the 
absorption coefficient for NO^ in the visible region, but it lacks the 
detailed measurements necessary for this study. The main purpose of 
Dixon's work was to measure the trend of the average absorption 
coefficient across the visible region and the spacing between the minima. 
Since no previous work had been done to the accuracy needed for this 
experiment, it was determined that the absorption coefficient of NO^ 
across the visible spectrum should be measured. 
The experimental apparatus which was used to do this absorption 
study is shown in Figure 1. Actually three separate experiments were 
performed using this same apparatus except for a change in light sources. 
First, the absorption spectrum of NO^ across the entire visible range 















Figure 1. Apparatus for the Measurement of Light 
Absorption "by HO^. 
ro 
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spectrum, a mercury lamp and an argon-ion laser were selected as 
possible light sources for a NO^ detection device. The absorption 
coefficients for the discrete output wavelengths of these two sources 
were then measured using the same apparatus as was used for the complete 
spectrum measurement. 
A description of the experimental apparatus and procedures 
which were used, and the results obtained for these three experiments 
are presented in this chapter. In the first section the calibration 
for the amount of nitrogen dioxide in the sample cell is presented, 
then the optical layout is explained, and finally the results for all 
three light sources are presented and compared with results of previous 
workers. 
Determination of the Nitrogen Dioxide Concentration 
in the Multi-pass Cell 
The nitrogen dioxide supply system was mounted on the cart 
supporting t h e multi-pass W h i t e c e l l which w a s u s e d t o p r o v i d e a l o n g 
sample path length with good absorption at a low NO^ pressure. A 
lecture bottle of liquid nitrogen dioxide (minimum of 9 9 * 5 percent 
purity) obtained from the Matheson Company was used without further 
purification. The gas was removed at the vapor pressure of the liquid 
Capproximately 1 . 0 8 atmospheres (atm)) a.nd was then channeled through a 
supply network and into the White cell. The supply network was 
assembled from stainless steel and aluminum tubing and cast iron pipe 
fittings, and Whitey stainless steel valves were used to control the 
flow. The procedure used to allow a measured amount of NO into the 
2 7 
White cell was as follows: the NO^ vapor was allowed to pass through a 
valve and into an evacuated volume, called V , of 11.2 milliliters (ml). 
a 
After equilibrium was established, the valve to the NO^ tank was closed 
and the valve separating the small volume V from the evacuated White 
a 
cell was opened. This allowed a measured amount of NO^ to be released 
into the White cell where its pressure was reduced by a factor of about 
k 
10 . This process could be repeated several times with very close to 
the same amount of NO^ admitted each time. There was also an additional 
empty lecture bottle which was connected to the smaller volume and 
which could be evacuated and used to dilute the N0^ gas at about atmos­
pheric pressure in to a much lower pressure. Thus, when the valve to 
the dilution lecture bottle was opened and then closed before the NO^ 
in V was bled into the White cell, a considerably smaller amount of a 
NO^ would enter the White cell. This extra dilution step was not used 
except to check the apparatus for very small concentrations of NO^. 
The volume of the White cell was 131 liters and the volume of V was 11.2 
a 
ml giving a ratio of the volumes of 8 . 5 6 x 10 
A Welch Duo-Seal vacuum pump was used to evacuate the system 
and its exhaust was vented directly to the outside atmosphere. After 
NO^ was added to the White cell, the vacuum pump was not used to exhaust 
the gas. Instead, the NO^ was removed from the cell by connecting the 
exhaust line to the outside directly to the cell. Then dry nitrogen 
was bled into the cell through the other valved inlet until atmospheric 
pressure was reached. At that point, the valve to the exhaust line 
was opened and the cell was purged with dry nitrogen. After most of 
2 8 
the NO^ was removed, the vacuum pump was reconnected and used to remove 
the remaining nitrogen and NO^. 
The White cell used could not be considered an excellent vacuum-
tight unit. Because of the size of the 0-ring seal (circumference of 
325 cm), it was difficult to vacuum seal the whole unit, and con­
sequently the best vacuum to which the cell could be pumped was about 
20 microns of mercury (ymHg). It is believed that this did not affect 
the results except that accurate pressure measurements were made 
difficult by a small pressure rise when the pump was not connected. 
Pressure measurements were taken with a NRC Model 8 0 1 thermocouple 
vacuum gauge meter and a NRC Model 531 thermocouple gauge. Later these 
were checked against the readings measured with a MKS Baratron Pressure 
Meter Type 77 and M S Head 77H-1, 1 mmHg. 
In order to calculate the absorption coefficients it was 
necessary to know the amount of NO^ which had been admitted into the 
White cell. As a first approximation this could be calculated from 
the ideal gas law PV = nRT and the known values for the pressures 
and volumes. That is, when the NO^ is bled into the known small 
volume V , equilibrium pressure is reached at the vapor pressure of the 
liquid in the NO^ supply cylinder which is a known function of the 
2 8 
temperature. The temperature of the liquid and the gas are assumed 
to be the same with both at room temperature. Thus, known values of 
P, V, T, and the gas constant, R, can be used to calculate n, the 
number of moles present. When the NO^ in is allowed to expand 
into the evacuated White cell, this same number of molecules n should 
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be present. 
Measurements "with the thermocouple gauge indicated pressures 
of the NO^ in the White cell much higher than would be expected from 
the ideal gas law. From the ratio of the volume of V to the White D a 
cell, one unit of dry air, obeying the ideal gas law, caused a pressure 
rise of 65 ymllg when admitted into the evacuated White cell. ("One unit" 
means one volume of gas in V .) However, when the same volume of N0 o 
a c. 
in V at slightly higher initial pressure (l . 08 atm instead of 1 . 0 0 a 
atm because of the vapor pressure of the liquid) was added to the White 
cell, the indicated pressure on the thermocouple gauge was over twice 
that observed for air. This is due to two effects in addition to the 
higher initial pressure. The first is the difference in thermal con­
ductivities of HO^ and air which affects the operation of the thermo­
couple gauge. The second is that the number of molecules in the volume 
V was not the same as the number in the White cell -5 at higher pressures a ——-~ 
most of the NO^ exists as the dimer H^O^ which dissociates into two 
molecules of NO^ at the lower pressures in the White cell. Because 
the absorption was proportional to the number of NO^ molecules, it was 
necessary to determine the amount of dissociation of N^O^ into NO^ for 
both V and the White cell. 
a 
The detailed dissociation calculations are given in Appendix A. 
The results of these calculations are that 13.^4 percent of the N^O^ 
in V is dissociated into N 0 o while in excess of 9 9 - 8 percent in the a c. 
White cell is dissociated. For simplicity, it will be assumed that 
only N0 o molecules exist in the White cell. From the above figures 
30 
it is shewn in Appendix A that "when the mixture of N^O^ and NO^ is 
allowed to fill V at 1 . 0 8 atm and then is hied into the White cell, a 
the resultant N0 o pressure is calculated to be 1 2 4 umHg. This 1 2 4 
umHg pressure of NO^ is equivalent to a concentration of l 6 4 ppm at 
atmospheric pressure; that is, if the 1 2 4 umHg of NO^ were diluted 
with another gas at atmospheric pressure, the resulting N0^ con­
centration would be l 6 4 ppm. 
This value for the pressure was compared, to the experimental 
value by the use of a diaphragm type pressure gauge - a MKS Baratron 
Pressure Meter Type 77 with a MKS Head 77H - 1 , 1 mmHg. Although it was 
difficult to get an accurate measurement with this gauge because of a 
small leak in the White cell, the mechanical gauge gave a reading of 
about 1 3 1 ymHg which verified the 1 2 4 umHg pressure value resulting from 
the dissociation calculations. Thus, the 1 2 4 umHg was accepted, as a 
close estimate of the real NO^ pressure rise in the White Cell when one 
unit of V was bled into the cell, a 
The Optical System 
The layout of the optical system can be seen in Figure 1 . The 
output of the light source is focused into the multi-pass White cell 
where the absorption by the NO^ gas occurs. The amount of transmitted 
light as a function of wavelength is measured by the monochrometer and 
phototube, and is recorded by a strip chart recorder after amplification 
by a micro-micro ammeter. 
Three light sources were used in the absorption experiments. 
The entire absorption spectrum across the visible region was measured 
3 1 
using a 50 watt tungsten lamp with a frosted glass bulb for the light 
source. Then the absorption coefficients at the discrete output 
wavelengths of a mercury lamp (Atomic Laboratories Cat. No. 7 1 8 5 9 ) and 
an argon-ion laser (TRW Instruments Model 71B) were measured. 
The theory and construction of White cells is discussed in 
2 9 
detail by White. The essential parts of the system are three 
identical spherical concave mirrors, in this case, mirrors 25.^+ cm in 
diameter with a radius of curvature of 80 cm. These are positioned 
as shown in Figure 2 . The centers of curvature of mirrors A and A' 
are at the front surface of B, and the center of curvature of B is 
halfway between A and A'. The number of passes is adjustable by 
symmetrically moving mirrors A and A' such that their centers of 
curvature change separation distance while their midpoint remains 
centered in mirror B. As the separation of the centers of curvature 
of A and A' is decreased, the number of passes is increased from 5 to 
9 , 1 3 , 17? » • f kn + 1 , where n is a positive integer. The maximum 
number of passes for this White cell was hi resulting in a path 
length of 3 3 . 0 6 m, but 1 7 passes ( 1 3 . 8 6 m ) were used for the tungsten 
lamp and mercury lamp spectra, and 5 passes (h .26 m) were used for the 
argon-ion spectrum. Optical access through the stainless steel 
White cell was obtained through three glass window ports sealed with 
0-rings. 
After the beam traversed the White cell, it was focused by a 
h cm focal length lens onto the entrance slit of a Jarrell-Ash 
Model 1 0 0 . 2 5 meter monochrometer . The monochrometer grating 
could be rotated with an electric motor to give a linear relation 
32 
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Figure 2 . The Multi-pass White Cell. (Mirrors set for 9 passes) 
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between wavelength and time. The 1 rotation per minute (rpm) motor 
resulted in a 2 5 nm per minute scanning rate across the exit slit. 
Both the input and exit slits were 1 0 0 ^m in width giving a resolution 
of 0 . 5 nm. 
A RCA 1 P 2 8 multiplier phototube was mounted to the monochrometer 
at the exit slit. A voltage of about 7 5 0 volts was supplied to the 
phototube by a Harrison Model 6515A DC Power Supply. Special pre­
cautions were taken when measuring the light intensity from the pulsed 
argon-ion laser to assure that the phototube stayed in the linear 
operating range. With the bleeder resistance used ( 0 . 8 M ohm/stage), 
the phototube linearity was restricted in that the current through the 
dynode-anode chain had to be small relative to the current in the 
bleeder string of resistances to keep a constant voltage drop between 
the dynodes. For a voltage drop of 8 0 volts across each of the nine 
dynodes and from the last dynode to the anode (total voltage of 8 0 0 v.), 
the current in the bleeder resistances was 0 . 1 milliampere (mA.) which 
meant that the current through the anode was restricted to about one-
tenth of that value or less than 1 0 . 0 microamperes (JJA) . The full 
scale setting on the micro-micro-ammeter was 0 . 3 for the tungsten 
lamp and the mercury lamp which was in the linear region of the tube . 
However, since the argon-ion laser was pulsed and the current in the 
phototube followed the actual pulse, this peak current had to be 
limited to less than 1 0 . 0 pA which restricted the average current 
registered by the ammeter to less than 0 . 0 2 2 (for a laser duty 
p 
cycle of 0 . 2 2 x 10 ). Neutral density filters of no. 2 . 0 and k.0 
3^ 
were used in combination to cut the intensity of the laser beam by 10 
to assure that the tube would operate in the linear region. 
Absorption Spectra and Coefficients for 
Nitrogen Dioxide 
The visible absorption spectrum of N0^ was measured using the 
multireflection White cell set for a path length of 17 passes or 
13-86 m. The White cell and the volume V were first evacuated and a 
a 
spectrum of the tungsten lamp was taken with no N 0 2 present. Then one 
unit of N0^ in V was bled into the cell causing a pressure rise of 12^ 2 a 
urnHg, equivalent to a concentration of l6h ppm at atmospheric pressure. 
After the light traversed this l6h ppm Cequivalent) for a path length 
of 13.86 m, the spectrum was scanned by the monochrometer at 25 nm 
per minute. The resulting spectrum is presented in Figure 3 , along 
with, the spectrum of the light source with no NO^ in the cell. 
Values of the absorption coefficient may be calculated from 
Figure 3 fox various w a v e l e n g t h s by use of equation (10) , 
I = I°exp(-acR) (.10) 
a Almost all of the strong absorption peaks reported by Pearse 
and Gaydon^ for the visible region of NO2 can be seen in Figure 
3- Among these, and using the wavelengths quoted by Pearse 
and Gaydon, are ^27 .0 , k30 .k, ^35 .0 , ^39-0, kkk.Q, hkQ .0, 




o- = (1/cR) log e(l ° / D (23) 
- 1 - 1 - 1 - 1 
where a is the absorption coefficient in ((jjnHg) m or in (ppm) m , 
c is the pressure or equivalent concentration in the cell and is 12k 
[jjnHg or l6k ppm, R is the path length and is 13-86 m, 1 ° is the 
intensity transmitted with no NO^ present, and I is the intensity 
with the NO^ present. 
The absorption spectrum presented in Figure 3 is actually the 
convolution of the real spectrum with the slit function of the mono-
chrometer. Thus the detail observed in the spectrum increases with 
increases in the resolution of the optics until the resolution 
approaches the line width of the gas being measured. The line width 
for NO^ under the experimental conditions used in measuring the spectrum 
is calculated in Appendix B. A brief description of line broadening 
is included below, along with the results of calculations shown in 
Appendix B. 
Quantum theory states that the frequency of an absorption 
process is v = (Ê , - E_̂ )/h and the corresponding wavelength is X = c/v = 
hc/(E^ - E ), where v is the frequency of the radiation, \ is the 
wavelength, c is the velocity of light, h is Planck's constant, 
E^ is the energy of the initial state, and E_̂  is the energy of the 
final state . This would seem to indicate that only a single precise 
value of \ as defined above would be absorbed for any given transition, 
but in reality absorption lines and lines making up molecular bands 
have finite width. This broadening of the spectral lines about the 
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theoretical wavelength (or frequency) is due to several factors which 
are independent of the resolution of the measuring apparatus: 
(l) the finite life of the excited state causes an uncertainty 
in the energy and a spread in the frequency due to the uncertainty 
principle: 
(.2) Doppler shifts in frequency due to relative thermal 
velocities of molecules; 
C3) perturbations due to collisions of the absorbing molecule 
with similar and dissimilar molecules. 
Order of magnitude estimates for the line broadening due to these three 
processes are made in Appendix B and the results are presented in 
Table 2. It can be seen in Table 2 that at the low pressure in the White 
cell, Doppler broadening dominates over pressure broadening and natural 
_ 3 
line width and results m a line width of about 1 0 nm. 
The inonochrometer which was used has a resolution of 0 . 5 nm, so 
there is a great deal of structure in the spectrum which has been averaged 
out by the monochrometer. An increase in resolution by a factor of 
500 would be required to record all the variations in the spectrum. 
This increase in structure with a high resolution instrument is shown 
30 
dramatically by McNamara in a comparison of the absorption spectrum of 
Slg as measured by a grating spectrometer with a resolution of 0 . 0 7 cm 1 
- 6 - 1 
and a tunable diode laser with a resolution of 3 x 1 0 cm 
The absorption coefficient calculated for any wavelength A by 
an instrument with resolution AA is given approximately by, 
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Table 2 . Line Broadening for NO . (Estimates of line 
broadening of NO2 absorption lines at 200 (̂ mHg 
pressure and a temperature of 22.8° with a 
wavelength of 500 nm) 
Line Broadening Process Line Width Between Half Intensity 
Points (Order of Magnitude) 
nm cm - 1 
Natural line broadening 
Doppler broadening 
Pressure or collisional 
broadening 
0.5 x 10 
-3 
10 J 
0.2 x 10 
0.2 x 10 
0.0k 
-k 
- 7 10 •6 
39 
X £X 2 
X a(X*) dX' 
(2U) 
where cy(X') is the actual absorption coefficient and & is the 
measured average coefficient . Thus the absorption coefficients for 
narrow line sources such as low pressure vapor lamps and lasers can 
only be estimated by the average absorption coefficient over a range 
of wavelengths when calculated from spectrum for continuous sources, 
such as the one given in Figure 3• 
The spectrum presented in Figure 3 was used to select line 
sources (discrete output wavelengths instead of a continuous output) 
which, because of apparent large differences in absorption coefficients 
of their output wavelengths, could be used in an NO^ detection device. 
It was then necessary to more accurately determine the absorption 
coefficients for the output wavelengths of these sources by direct 
measurement, since the line widths of the sources were less than the 
resolution of the monochrometer. The sources selected were a mercury 
vapor lamp, chosen for the great difference in absorption between the 
J+35-8 nm and the 5^+6.1 nm lines, and an argon-ion laser, selected for 
the difference in absorption of two lines close in wavelength - the 
ky6.5 nm line and the 501.7 nm line. 
The apparatus and procedure used in measuring the NO,-, absorption 
of the spectral lines of a mercury lamp were similar to those used 
for the continuous wavelength source. The tungsten lamp was replaced 
ko 
by a mercury vapor lamp (Atomic Laboratories Cat. No. 71859) and the 
same path length of 13.86 m was used in the White cell. The ultra­
violet output of the lamp was blocked by the use of a glass filter. 
Instead of bleeding all of the gas in V into the White cell at once, 
a 
the valve to the White cell was quickly opened and closed twice 
before finally letting all the gas into the White cell. Before 
any gas was let into the cell, a spectrum was taken, and then each 
time after the valve was opened a spectrum was taken. This allowed 
the transmitted intensities to be measured at four different NO^ 
pressures, the pressures being monitored by corrected readings from 
the thermocouple gauge. 
The resulting transmitted intensities as a function of the NO^ 
pressure in the cell are shown in Figure k and the absorption 
coefficients are presented in Table 3- The linearity of the points 
in Figure k shows that Beer's Law was obeyed for this experiment. 
The experimental apparatus and procedures for studying NO^ 
absorption of the argon-ion laser spectral lines were similar to 
those used for the other two light sources. A TRW Instruments Model 
71B pulsed argon-ion laser was used as the light source and the 
path length of the cell was changed to five passes or k.26 m. The 
procedure was changed so that four units of NO in V of 12k (imHg each 
d- a 
were added to the White cell, and the line intensities were measured 
before any NO^ was added and then after each unit was added. The 
resulting percent transmission for the five different wavelengths 
as a function of NO pressure is given in Figure 5 and the absorption 

k2 
Table 3- NO^ Absorption Coefficients at Mercury 
Lamp Output Wavelengths. (These were 
measured with a mercury lamp) 
Wavelength Absorption Coefficients3. 
\, nm a x 1 0 2 G x 1 0 3 
(mmHg) 1 cm 1 (ppm) 1 m 1 
hoh.7 2.32 1.76 
^-35.8 2.02 1.53 
yk6.l 0.391 O.296 
a Both sets of coefficients given in terms of a base e absorption 
equation. To convert to base 10 equation coefficients, divide by 
log e 10 = 2 .30 • 
h3 
coefficients are presented in Table h. The data points are an average 
of two runs, and their linearity shows that Beer's Law was followed for 
these experimental conditions. 
A comparison of the absorption coefficients for the three 
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light sources measured for this report with those reported by Dixon 
is given in Table 5 . It should be noted that the instrument resolution 
used by Dixon in studying the absorption of light from a tungsten lamp 
was k nm, while the resolution in this work was 0 . 5 nm. From the 
previous discussion on line widths and instrument resolution, it should 
be clear that because of the differences in resolution, some differences 
in spectrum, structure and resulting absorption coefficients are to be 
expected. The absorption coefficients as computed by Dixon were 
generally higher than those reported here, particularly for the 
transmission peaks, but overall there was good agreement considering 
the difference by a factor of 8 in the instrument resolutions. The 
emphasis of the experiment resulting in Figure 3 was qualitative rather 
than quantitative and this should be kept in mind when computing 
coefficients from the spectrum of Figure 3 . The coefficients given for 
the argon-ion laser are believed to be accurate as precautions were 
taken to insure quantitative accuracy. 
^5 
Table 4 . NO^ Absorption Coefficients at Argon-ion 
Laser Output Wavelengths. 
Wavelength Absorption Coefficients 
A , nm 2 0- x 10 0- x 1 0
3 
(mmHg) "̂ cm 1 (ppm) 1 m " 1 
4-76.5 1.26 0.95^ 
4 8 8 . 0 1 .15 0.875 
4-96.5 . 1 . 4 6 1 . 1 1 
501.7 0.716 0.5^3 
51^-5 O.565 0.4.28 
Both sets 
equation. 
by log e 10 
of coefficients given in terms 
To convert to base 10 equation 
= 2 .30 . 
of a base e absorption 
coefficients, divide 
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Table 5 • Cci:r: riser, o i •:'.> Absorption r'oei'l':.cienLs . 
(The absorption c o e f f i c i e n t s for RC0O as 
measured in t h i s work for 'ciu-e.e d i f f e r e n t 
sources v.rp c cm oared vrith those reported 
fey D i x o n . l D ) 
Wavelength Line Light Aos< . ,1") erpuion Coeificient 
X, nm 
Type' 1 Source 
A x 
i*m$ 




(p p m ) _ 1 
i o 3 
-1 
ra 






M mercury 2.25 1.70 
435-8 M mercury 2.02 1.53 
435.9 M mercury 1.91 1.45 
T tungsten 1.74 0.985 1.32 0.820 
TO .0 A tungsten .1.91 1 .81 1.45 1.37 
488.0 A,L argon 
laser 
1 .15 0.875 
488.0 A,L tungsten 1 . 1 6 0.877 
491.0 A tungsten 1.18 O.894 
500.0 T tungsten 0.855 0.1+58 0.647 0.347 
51^-5 L argon 
laser 
O.565 0.1+28 
514.5 L tungsten 0.726 0.487 0.550 0.369 
Code for line type: A is absorption peak in spectrum, T is trans­
mission peak, M is output wavelength of mercury lamp (but not neces­
sarily with mercury lamp as source - see source column), and L is 
argon-ion laser outrjut wavelength. 
For borh sets of units, the coefficients are given in terms of A 
base o absorption equation instead of base 10 as used by Dixon. 
Divide by log 10 = 2.30 to convert to base 1 0 . 
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CHAPTER IV 
MEASURING NITROGEN DIOXIDE CONCENTRATION 
IN THE REAL ATMOSPHERE 
Application of the Attenuation Equation 
After calculating the absorption coefficients of NO^ for the 
argon-ion laser wavelengths and estimating the attenuation due to 
scattering effects at these wavelengths, the concentration of NO^ 
in the atmosphere can be calculated by making several measurements. 
In order to calculate the concentration, the initial intensity ratio 
and the transmitted intensity ratio must be measured and the path 
length must be known. The values for these measurable quantities 
and for the attenuation coefficients can be used in equation (22) to 
calculate the average NO^ concentration in the laser beam path. 
A graph of the concentration as a function of the transmitted 
intensity ratio can be constructed once the fixed values of the 
initial intensity ratio and the path length have been determined. 
If the 4-96.5 nm argon-ion laser line is used for the absorption wave­
length and the 501-7 nm line as the transmission wavelength, then the 
initial intensity ratio is (with the notation of equation ( 2 2 ) ) , 
o , o 
4 9 6 . y 501.7 
= 2.40 (25) 
4 8 
for this laser. The path length for the experimental device to 
measure NO in the atmosphere was selected based on a detection goal 
of about 0.01 to 0.02 ppm. The minimum detectable change in the 
transmitted intensity ratio was estimated to be 5 percent. Using 
these criteria and the N0^ absorption coefficients, equation (22) can 
be used to predict a needed path length of between ^-525 m (0.02 ppm) 
and 9050 m (0.01 ppm). A suitable office building was found at a 
location 35^-0 m from the laser location, resulting in a total path 
length from the laser to the reflector on the building and back to 
the receiving unit of 7080 m. This corresponds to a minimum detectable 
NO,-, concentration of 0.0128 ppm for the 5 percent ratio change. 
Now equation (22) can be rewritten using the argon-ion laser 
wavelength 4-96.5 nm for the absorption line and 501-7 nm for the 
transmission line. 
C = V t K g g . s " ' s O l . T ^ ^ ^ e ^ ^ . S ^ S O l . ? 5 ( 2 6 ) 
- ( ^ 9 6 . 5 " 6 5 0 1 . 7 ) E " (Y>+96.5 " Y 5 0 1 . 7 ) ) 
which can be put in terms of the N0^ concentration c, the measured 
intensity ratio ( 1 ^ 6 5 ^ 5 0 1 7^ ' a n d" c o n s ^ a n ^ s ' ^ u s i n S the values 
presented in this paper. The attenuation coefficients (scattering) 
are given in Table 1 , the absorption coefficients are presented 
in Table 4, and the path length and initial intensity ratio are 
given in this chapter. These values are repeated below: 
-3 - 1 - 1 
^ 9 6 . 5 " a 5 0 1 . 7 ^ = °-567 x 10 (ppm) m 
R = 7 0 8 0 m 
^ 9 6 . 5 / i ; 0 l . 7 ) = 2 ' k ° 
( ^ 9 6 . 5 - p 5 0 1 . 7 } = 0 - ^ x i o " 6 m " 1 
( 6 4 9 6 . 5 ' 6 5 0 1 . 7 } = ° ' 1 0 3 5 x 1 0 ^ m _ 1 at V = 4 km 
0.5803 x 1 0 ~ 5 m - 1 at V = 10 km 
0 A 5 1 x 1 0 - 5 m 1 at V = 15 km 
: \ 9 6 . 5 • ^ o i . 7 > = ° - 5 9 6 x 1 0 " 2 
When these values are substituted into equation (26) the following 
equation results, 
0 = y - 0.249 l o g e ( l ^ 6 _ 5 / l 5 0 1 _ 7 ) (27) 
where 
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y = 0.197 at V = k km 
y = 0.205 at V = 10 km 
y = 0.207 at V = 15 km 
y = 0.218 if all scattering coefficients are zero and only 
absorption coefficients are considered. 
Equation (27) is plotted in Figure 6 for the three different 
visibilities corresponding to three different values for the Mie 
attenuation coefficient. For the purpose of comparison, the case is 
also shown where only attenuation by absorption is considered with 
no scattering effects. 
Interferences 
One assumption which has been made but not properly justified 
in developing the absorption theory in this paper is that N0^ will be 
the only gas absorbing the argon-ion laser lines. It is difficult 
to justify this assumption completely because of the lack of complete 
and organized spectrophotometric data on every substance which occurs 
in the atmosphere, either naturally or from man-made sources. From 
the data available, it appears that there are no appreciable inter­
ferences (amounts of absorption) by atmospheric constituents other 
than WO^ for the two argon-ion laser lines of interest - the 4-96.5 
and the 501.7 nm lines. 
3 1 
Leighton gives the most complete list available of atmospheric 
gases and their radiation absorption characteristics in the region 
300 to 700 nm. This list is reproduced in Table 6 along with comments 
on the wavelengths and strength of absorption relative to the argon-ion 
5 1 
0 . 2 -J 
0 . 0 0 0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 0 0 . 2 5 0 . 3 0 0 . 3 5 
NO Concentration 
Figure 6 . Ratio of Transmitted Intensity of Two Argon-
ion Laser Wavelengths as a Function of NO 
Concentration. 
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Table 6 . Absorption Properties of Atmospheric 
Constituents in the Region 300 to 700 nm. 
(After L e i g h t o n 3 1 ) 






































Sulfur dioxide <395 
Nitric acid <330 
Ethyl nitrate <330 
Nitrous acid <385 
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Table 6 . (Continued). 
Atmospheric Constituent 
Absorbers (Continued) 
Methyl, ethyl, amyl nitrates 
Ethyl nitrite 
Nitroethane 
Aldehydes and ketones 




















wavelengths of interest. In addition to those substances listed, 
Leighton mentions other possible atmospheric absorbers for which no 
absorption coefficients exist; these include free radicals, unstable 
molecules such as nitroxyl and nitrogen trioxide, organic compounds 
such as ozonides, epoxides, dienes, nitroso compounds, peroxidic 
compounds, benzpyrene, and other related compounds. 
The conclusion drawn from the data presented in Table 6 is 
that the only probable interferences with the NO^ absorption of the 
argon-ion lines of interest is that of ozone which has a coefficient 
1/230 as strong as NO^ at 500 nm. But the concentration of ozone 
in urban atmospheres is about the same order of magnitude as NO^ 
32 
concentration (Continuous Air Monitoring Program monthly average: 
NO^ 0.037 ppm, oxidants 0.028 ppm). So ozone interferences should 
be negligible in the troposphere. 
Experimental Apparatus 
An experiment designed to apply the laboratory work resulting 
in equation (27) was constructed as described below, and an improved 
system which is presently under construction will be described later 
in this paper. 
The laser and receiving optics for doing the real atmosphere 
studies were located in the Physics Building on the campus of Georgia 
Institute of Technology. The site is about 2 .6 km (1.6 miles) from 
the center of downtown Atlanta. The laser and the receiving optics 
were situated in front of a window on the fifth floor of the Physics 
Building. A corner cube reflector was mounted 3*5^ km (2.2 miles) 
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almost due north (away from the downtown area) on top of an eight 
story office building (Sheffield Building). As can be seen from 
Figure 7 ? this light path was roughly parallel to the major downtown 
expressway and varied from 0.6 km (0 .^ miles) away from it to passing 
directly overhead, at an average height above ground of 30 meters . 
According to measurements taken by the Fulton County Health Department, 
the area around Georgia Institute of Technology had the highest mean 
N0^ concentration of the sampling stations in Atlanta in 1971 with a 
mean 2k hour average of 0.108 ppm based on a small number of samples. 
A block diagram of the apparatus used in the real atmosphere 
tests is presented in Figure 8. The laser and optics were mounted 
on a stable platform built from cement blocks and two sheets of 
plywood. The light source used was a TRW Instruments Model 91B 
pulsed argon-ion laser with output characteristics as presented in 
Table 7- The output optics used in addition to the laser were two 
k^°-k^°-90° prisms to reverse the beam direction, and a five power 
telescope for enlarging the beam to reduce divergence and for focusing 
the beam. The divergence of the beam coming directly from the laser 
is 5-5 milliradians but this is reduced by the ratio of the focal 
lengths of the lenses which is the same as the power of the telescope. 
Thus, after passing through the five power telescope, the divergance 
is 1 . 1 milliradians if the telescope is focused for an infinite 
distance. This would result in a beam diameter of 3-9 m at the 
corner cube reflecter. If the beam were focused onto the corner cube 
reflector, the diffraction limited spot assuming a uniform light 
distribution at the telescope would be 0.22 m in diameter. Due 
Figure 7 . Map of Laser Beam Path. 
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Laser 
Output Telescope j<- 35^-0 m 
- -ft -> 
- 0 













Figure 8 . Block Diagram of NO,-, Measurement System, 
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Table "J. Output Characteristics of the Argon-
ion Laser. (For multlraode operation) 
Peak Power, multicolor 
Average Power (55 Hz) 
multicolor 
Specific wavelengths: 
X = k-76.5 nm 
X = ^88.0 nm 
X = ^96.5 nm 
X = 501.7 
X = 5 1 ^ . 5 nm 
Pulsewidth 
Pulse Rate (external trigger) 
Beam Divergence (whole angle) 
3.0 watts (W) 
6.6 milliwatts (mW) 









to the mode pattern in the beam the actual spot diameter is between 
0.22 m and 3-9 m, assuming no spreading due to atmospheric effects. 
Part of the beam was intercepted at a distance of 35^-0 m 
by a 3-5 cm diameter cylindrical glass corner cube reflector mounted 
in a protective housing. A corner cube reflector has the property 
that it accurately reflects light parallel to the incident beam, if 
the incident light is approximately (± 20°) perpendicular to the 
front face of the prism. The properties of corner cube reflectors 
33 
are well presented by Eckhardt , except for diffraction effects 
which are discussed in Appendix C of this paper. As shown in the 
appendix, the light returned by the corner cube reflector comes 
in six overlapping spots 36 cm in diameter and centered at the 
corners of a hexagon h cm across. This pattern is centered on the 
output laser beam axis. 
Part of the return beam was intercepted by the 10 .2 cm 
collecting lens which was used with a negative lens to focus the 
light through a pinhole and into the Jarrell-Ash Model 82-UlO 0.25 
meter monochrometer. The negative lens was used so that the full 
diameter of the large collecting lens could be used without exceeding 
the aperture stop of the monochrometer (f / 3 . 6 ) . The geometry of 
the return beam and the collection system is shown in Figure 9* 
Various sizes of entrance pinholes were used from 25 jjjn to 1000 jj,m. 
For the diurnal variation work reported on later, the 1000 (l mm) 
entrance pinhole was used. 
The output of the monochrometer was detected by a RCA Model 
6 o 
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1P28 multiplier phototube which was supplied voltage by a Harrison 
Model 6515A DC power supply. As was explained in Chapter III, the 
average phototube current was restricted to be less than 0 . 0 2 2 pA- when 
used with the argon-ion laser to assure that the peak current remained 
in the linear region of the phototube (less than 1 0 . 0 |jA) . 
The output of the phototube served as an input for a Princeton 
Applied Research Model CW - 1 box car integrator which served as a gate 
and an amplifier for the phototube signal. The laser was pulsed at 
approximately 55 Hz with a Techtronix Type Ilk pulse generator 
and the trigger pulse was also sent to the box car integrator to 
open the input gate for 65 |i,sec. This allowed the box car integrator 
to monitor the ^-0 [isec pulse of the laser after the 2k [isec delay for 
travel time of the laser beam, but to discriminate against ambient 
light contributions by being "turned off" the rest of the time. 
Because the box car integrator gate was closed 99«6U percent of the 
time, the signal to noise ratio was improved by a factor of 280 over 
a non-gated input. The combination of the entrance pinhole on the 
monochrometer and the gate in the box car integrator reduced the 
noise due to ambient light conditions to an unmeasurable quantity 
relative to the laser signal even during the brightest period of a 
clear day. The output of the box car integrator was directly 
proportional to the input signal, in this case, the intensity of the 
transmitted laser line, but was electronically averaged with a var­
iable time constant. Most of the work was done with a time constant 
of 1 msec . This output was then recorded on a Keithley Model 370 
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recorder. 
Results of Real Atmosphere Tests 
The procedure used to measure the relative intensities of the 
argon-ion laser lines was to scan the monochrometer across all five 
of the laser wavelengths (or just the two of interest) at a rate of 
5 nm per minute. The time constant of 1 msec was used to smooth 
the variations in the return intensity. This allowed average values 
for the U96.5 nm line and 501.7 nm line to be compared, although 
they were not measured at exactly the same time. 
Two spectra of the laser lines transmitted through the atmosphere 
are presented in Figures 10 and 1 1 , both with time constants of 1 msec. 
Figure 10 displays the spectrum obtained with an entrance pinhole 
of 25 (j,m and an exit slit of 100 |jjn resulting in a resolution of 0.5 nm. 
Figure 1 1 is a much lower resolution spectrum obtained by replacing 
the 25 [jim pinhole with a 1000 \m pinhole. Each of these were taken 
during sunny days but it can be seen from the figures that the back­
ground noise was zero, due to the gate operation of the box car 
integrator. It is clear from Figure 1 1 that due to refractive index 
fluctuations, the transmitted line intensities do vary appreciably 
even with the time constant in the circuit. This rapid variation 
prevents good reproducibility of the line intensities and is the 
limiting factor in the accuracy of the experiment as it has been 
described. 
The largest source of N0^ in the urban environment is the 
automobile, and for that reason NO concentrations can be expected to 
51*+-5 nm 
488.0 nm 
501.7 nm j U96.5 nm 4 7 6 . 5 0. D nm 
510 500 ^90 
Wavelength, nm 
Figure 1 0 . Spectrum of Transmitted Argon-ion Laser Lines 
with 25 pm Entrance Pinhole . 
4 8 8 . 0 nm 
5 0 1 . 7 nm ,v. 







Figure 11. Spectrum of Transmitted Argon-ion Laser Lines with 1 mm 
Entrance Pinhole. 
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be correlated to traffic flow and show a similar diurnal variation. 
Peak concentrations usually occur from one-half to one and one-half 
hours after peak traffic flow^, the delay due to the time required 
for photochemical conversion of the emitted NO into NO^• The 
intensity ratios and resulting concentrations for a 12 hour period 
are plotted in Figure 12 for a series of spectra like those shown in 
Figure 1 1 (with the 1 mm pinhole). The data were taken on October 
27, 1972 , on a day that was sunny and clear except for some haze. 
The data points presented in Figure 12 are averages of three readings -
the reading actually taken at the time indicated and the two readings 
taken before and after the central one. Even with this smoothing 
there was some randomness to the points but the diurnal variation 
can be seen in Figure 1 2 . As previously mentioned, the location 
chosen was close to downtown Atlanta and peak traffic flow on the 
nearby expressway and streets occurs at 8:00 to 9*30 am, 12:00 to 
1:00 pm, and 4:30 to 5:30 pm. The maximum NO,-, concentrations 
recorded followed these traffic peaks except for an unexplained 
peak at 3 :15 pm. This diurnal variation is compared with measurements 
1 32 
taken by other workers ? in Figure 13. The data given by Ludwig, 
32 
Bartle, and Griggs represent two year averages of hourly measurements 
for six cities, while the data presented by the EPA"'" represents one 
days measurement of NO^ concentration in Los Angeles in which after­
noon ventilation prevented a buildup of pollutants. The concentration 
recorded using this experimental apparatus was more variable than the 


























7am 8 10 i i I 11 12 1pm 
Time of Day 
Figure 12. Measurement of Diurnal Variation of N0„ Concentration. 
3 am 4 5 6 7 8 9 10 11 12 lpm 2 3 h 5 6 7 8 9 
Time of Day 
Figure 1 3 . Comparison of Diurnal Variation of NO Concentration. 
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sampling as opposed to hourly averaging. 
While the results obtained using this experimental apparatus 
were reasonable in that diurnal variations could be observed, they 
also showed that a more accurate method of obtaining intensity ratios 
was needed in which the intensities were measured simultaneously. 
Simultaneous Measurement Technique 
With some changes in the receiving optics and electronics, 
the apparatus previously described can be used to simultaneously and 
continuously measure and compare the two argon-ion laser line inten­
sities of interest. At the present time this project is under con­
struction . 
A block diagram of the proposed system is shown in Figure ik. 
The output system and reflector are the same as described earlier in 
this chapter . Again a large collection lens is used to gather the 
reflected light which is focused into the Jarrell-Ash monochrometer 
as before, or through an alternate dispersive system made from Fresnel 
lenses and a holographic grating. A prototype of this second system 
has been constructed and operates as follows. First the light is 
focused onto a pinhole and then the diverging light is made parallel 
again by a large (10.2 x 12.7 cm) Fresnel lens. The parallel light 
is then dispersed by a holographic sine grating and focused by another 
Fresnel lens identical to the first one. Both Fresnel lenses and the 
sine grating are all the same size and can be mounted together as a 
single unit. The holographic sine grating was made with facilities 





Output Telescope 3 5 ^ irr 
f= -4cm f = 20cm 
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and Fresnel lens) 


















in ppm NO 
Pulse 
Generator 
Figure 14. Apparatus for Simultaneous Intensity Measurements. 
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expensive dispersing system with a wider aperture stop than the 
monochrometer. 
In the output focal plane of the holographic grating system, 
the 4-96.5 and 501.7 nm lines are 0.328 mm apart for the particular 
grating used (l^° at 633 nm), and for the monochrometer used they 
are 1 .57 ram apart. The two beams are further separated at the output 
focal plane by the use of a fiber optic bundle 3 mm in diameter. This 
bundle terminates at one end in the output focal plane of the dis­
persing system, and the other end is split into two bundles each 
of which conducts the light incident on one-half of the other end 
of the bundle. Thus the separated bundles can be terminated at 
identical phototubes and the two line intensities can be measured 
simultaneously. 
The output of the phototubes is fed to a pair of synchronous 
gates which serve to permit passage of the phototube current only 
while the laser signal is present. The gating signal from the Tech-
tronix Type Ilk pulse generator is sent simultaneously to the laser 
and to the two gates . The gates then stay open for 65 ^sec which allows 
time to measure the ko ^sec pulse after its return from the reflector. 
The outputs of the phototubes, after passing through the gates, are 
amplified by operational amplifiers and the two signals are compared 
by an analogue multiplier/divider. The output of the multiplier/ 
divider, when set in the divide mode, is proportional to the ratio 
of the input signals. Thus, a voltmeter connected to the output of the 
multiplier/divider can be calibrated with a logarithmic scale which 
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indicates the NO^ concentration. The relationship between the laser 
line intensity ratio and the concentration is given by equation (27) 
with y = 0.205, 
c = 0.205 - 0.249 x l o g g d ^ ^ / l ^ ^ ) . (28) 
The zero calibration can be made by sending a portion of the output 
beam directly into the collecting lens and then adjusting the variable 





In conducting this investigation, a relatively high resolution 
(0.5 nm) spectrum of nitrogen dioxide absorption in the visible region 
has been measured and presented in Figure 3• The absorption coefficients 
of nitrogen dioxide for the output wavelengths of a mercury lamp and an 
argon-ion laser have been measured and are reported in Tables 3 and k. 
Beer's Law was obeyed over the regions observed as shown in Figures 
k and 5. 
Some theoretical analyses of remote laser detection schemes 
have not adequately considered the large rapid fluctuations in intensity 
of transmitted laser beams due to atmospheric refractive index fluctu­
ations . Simultaneous measurement of two wavelengths with different 
absorption coefficients for the gas of interest should enable one to 
distinguish between the attenuation due to absorption from that due 
to refractive index scattering. In comparing the intensity attenuation 
for two wavelengths, the variation of the absorption coefficient with 
wavelength must be large compared to the variation of the scattering 
attenuation coefficients (for the several scattering processes) with 
wavelength. This criterion is satisfied for nitrogen dioxide at 
various places in the region kOO to 550 nm. Also, the absorption 
coefficient multiplied by the gas concentration for the gas of interest 
must be large compared to similar coefficient times concentration 
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product for other atmospheric constituents. This criterion is satis­
fied for nitrogen dioxide in the troposphere for the two argon-ion 
lines (496.5 and 501*7 nm) used in this study. 
The use of electronic gates in the signal receiving apparatus 
allows the use of a low average power, inexpensive, non-hazardous, 
pulsed laser which has a signal to noise ratio equivalent to a 
continuous wave (cw) laser system operating at the peak power of the 
pulsed laser. The use of gates improves the signal to noise ratio 
over the nongated input by approximately the inverse of the duty 
cycle of the pulsed laser. 
Preliminary tests have shown that the light absorption 
detection method is capable of monitoring the diurnal variation of 
nitrogen dioxide. No final conclusions can be made at this time 
about the minimum sensitivity of this detection scheme until the 
simultaneous intensity measurement method has been evaluated. 
APPENDIX A 
THE NITROGEN DIOXIDE PRESSURE IN THE WHITE CELL 
Because the amount of absorption of radiation by NO^ is pro­
portional to the number of molecules present, it is necessary to 
calculate the dissociation occurring when the N^O^ and NO^ mixture 
in V is bled into the White cell. The dissociation of N„0, into 
the equations for calculating the dissociation factors at pressures of 
0 .15 to 1.0 atm and temperatures of 25°C , 35°C , and 45°C . In order 
to use these equations it was necessary to extrapolate values for 
o -k 22.8 C and to make a large extrapolation in pressure to 10 atm. 
16 
Dixon found the equations given by Verhock and Daniels to be valid 
at 0.007 atm, and the equations predict almost complete dissociation 
-k 
at 10 atm -which is in agreement with the observed properties of NO,-, 
when diluted in the atmosphere to a low partial pressure. The equations 
predict 99-8 percent dissociation at the 124 |imHg (0.164 x 10 atm) 
partial pressure of N0^ which existed in the White cell, and 13.4 
percent dissociation at the 1.08 atm pressure in V . These calculations 
* a 
are given below, using the notation of Verhock and Daniels with some 
additions. 
a 2 U4 
NO has been studied in detail by Verhock and Daniels. 34 They give 
Define the degree of dissociation <y by 
a = (P - P o )/p-o 
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where P is the measured pressure (NO and No0j ), and p° is the 
c± c± 4 2 4 
ideal pressure if no dissociation occurred. So a = 0 implies no 
dissociation and o> = 1 means complete dissociation of N^O^ into NO^ 
Define the dissociation constant YL n as 
T T2°4 
The equations given by Verhock and Daniels are for K n as a function 
^2°4 
of temperature and molar concentration. Since the degree of dissoci­
ation <_v is needed as a function of temperature and pressure for 
this experiment, the above equation for K n was solved for 
^2% 
and the equations for K_T n at several temperatures are given as, 
^2U1+ 
K = 0.1426 - 0.7588 x C° at 25°C 
N2°4 
K = 0.3183 - 1 .591 x C° at 35°C 
N 2 U 4 
K = 0.6706 - 3.382 x C° n at 45 C 
N 2 ° 4 
where K is the same as K_T „ and C T̂ „ is the concentration in g.mole/ 
liter of N^O^ that would exist if there were no dissociation. An 
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extrapolation of the constant and multiplier terms in the above 
equations to the desired temperature of 22.8°C gives, 
K = 0 .118 - 0.59 x C° _ at 22.8°C. 
N 2 ° 4 
In calculating the dissociation in V and in the White cell it was 
a 
necessary to use an iterative process, because not all the needed 
parameters were known. Thus, to calculate ot for V it was first 
a 
necessary to estimate some value for C° which was used to 
N 2 ° 4 
calculate 0/ which was in turn used to improve the estimate of 
C° „ . This process quickly converged to a value for <y good to 
three significant figures . 
To calculate 01 for V assume for a first approximation that 
a 
01 = 0 . l6 which is a reasonable value from the literature. Then, 
from the definition of C° n and the ideal gas law, where n° n is 
N 2 ° 4 N 2 ° 4 
the number of moles of N^O^ present if no dissociation occurs, V is 
the value, R is the gas constant, and T is the temperature. The 
vapor pressure of and N 0 2 at 22.8°C i s 2 8 1.081 atm (P = 1 .08l atm) 
and the assumed dissociation is 0 . l 6 , which gives p° n = 0.9317 atm 
N 2 ° 4 
and C° = 0.0384 g .mole/liter . Then K = 0.0953 atm and ot = 0 .13^3-
2 h o Using this value of o/, C^ Q is recalculated as O.03925 g.mole/liter 
and K = 0.09^-9 atm which gives a = 0.13^-2. This is in close agreement 
with the above figure for a and is taken as the correct value for 
the degree of dissociation for V . 
a 
A similar calculation is made for ot for the N^O^ and NO^ 
mixture at the reduced pressure in the White cell. For the first 
Iteration it was assumed that a - 1.00 (totally dissociated) since 
the mixture was so dilute. The "measured" pressure P was assumed 
to be 125 î mHg (0.164 x 10 atm) which would be the approximate 
resultant pressure if the N^O^ which existed in V were completely 
dissociated in the White Cell. The value for C° „ was estimated 
from C „ for 
N 2 ° 4 
White cell to V 
V but was reduced by the ratio of the volume of the 
a 
C o = ( 1 1 . 2 ml / 1 . 3 1 x ITT ml) x 0.03925 g.mole/liter 
C o = 0.335 x 10 g.mole/liter 
This gives a value for K of 0 .118 atm and 
ot = K/(4P + K) 
a = 0.118/(0.000656 + 0 .118) 
a = 1/(0.00556 + 1) 
This can be evaluated using the approximation, 
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-1- ? 
(1 + x) 2 = 1 - (l/2)x x « 1 
Using this approximation. 
oi E= 1 - ( 1 / 2 ) (0.00556) = O .9982. 
This is very close to complete dissociation and for simplicity it is 
assumed ot - 1.00 in the White cell. 
To calculate the pressure of NO^ in the White cell, the known 
partial pressures of N^O^ and N0^ in are used along with the ratio 
of the volume of V to the White cell. As the N0_ leaves V and a 2 a 
goes into the White cell, its partial pressure is reduced by the 
ratio of the volumes. But since the N_0, dissociates into two 
2 h 
molecules of NO^? the N^O^ partial pressure is reduced by only one-
half of the ratio of the volumes. Thus the pressure of NO^ in the 
White cell is given by, 
V 
P = (p a x (V /V ) x 2) + wc v ± l v a7 wc y 1 
^2°k 
+ X ( V a / V w c } ) N 0 2 a W C 
P - (0.824 atm x 0.855*10 ^ x 2) + (O.256 atm x 0.855*10 ^) 
P = 1.629 x 10" atm = 12k ^mHg 
This is very close to the original estimate of P = 125 |j,mHg so it 
is not necessary to re-evaluate a and P. Thus, the resultant NO^ 
pressure in the White cell when one unit of N^O^ and NO,-, mixture in 
V is bled into the White cell is 12k pmHg, and this is almost a 
entirely NO with very little NO, present. 
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APPENDIX B 
SPECTRAL LINE BROADENING 
The broadening of spectral lines about the theoretical wave­
length (or frequency) for a given transition is due to several 
factors: 
(1) the finite lifetime of the excited state gives rise to 
an uncertainty in the excited energy as shown by the uncertainty 
principle, and this results in a spread of allowed frequencies for a 
transition; 
(2) Doppler shifts in frequency due to relative thermal 
velocities of molecules; 
( 3 ) perturbations due to collisions of the absorbing or 
emitting molecule with other molecules. 
An o r d e r o f m a g n i t u d e e s t i m a t e is made below f o r each o f these line 
broadening mechanisms as they effect the line width of the N0^ sample 
in the White cell. 
"Natural line broadening" due to the uncertainty relation can 
35 
be demonstrated from the uncertainty relation, 
£E At > h/2TT 
where £E is the energy uncertainty, /\t is the lifetime of the excited 
state, and h is Planck's constant. Since E = hv for photons, the 
81 
uncertainty in frequency Av is related to the uncertainty in energy 
by AE = hAv so that the uncertainty relation in terms of the frequency 
i s 
Av * l/(2TTAt) 
Estimates for the lifetime of two excited states of NO^ are given by 
Neuberger and Duncan^ as At = 2 .6 x 10 ^ sec and 4 .4x10 ^ sec. The 
shorter the lifetime the greater the frequency uncertainty, so con-
-7 - 1 
sidering At = 2 .6 x 10 sec, then Av = 0 . 6 l sec . This uncertainty 
can be expressed in terms of wavelength by taking the differential of 
both sides of v = c/X to get, 
AX = Av ( X 2 / c ) 
which for X = 500 nm gives AX = 0.5 10 ^ nm. In terms of wavenumber 
/ / - 4 - 1 
k = 1/X = v/c the uncertainty is Ak = 0.2 x 10 cm 
A second line broadening factor is due to the Doppler principle 
from which it follows that if a source of light of wavelength X is 
o 
moving in the line of sight with velocity v relative to the observer, 
37 
the apparent wavelength X measured by the observer will be 
X = X Q(1 + (v/c)) 
where c is the velocity of light. Since the range of relative 
82 
molecular velocities increases with temperature, so must the range of 
wavelengths comprising the spectral line increase. For a Maxwellian 
distribution of velocities, the total line width at the half maximum 
37 
intensity points is given by, 
AX = 1 .67(X n/c)/(2kT/m) 
where AX is the wavelength range, X Q is the wavelength of the center 
of the line, k is Boltzmann's constant, T is the absolute temperature, 
and m is the mass of the atom or molecule. Note that this is independent 
of the pressure of the gas. For a wavelength X = 5 0 0 nm, which is the 
region of the argon-ion laser output, the line width is on the order of 
o _p 
AX = 10 nm, or expressed In terms of the wavenumber Ak = 0.04 cm 
The third effect contributing to line broadening is called 
pressure broadening which is due to perturbations of the radiating 
or absorbing molecule by other molecules, ions, or electrons. The 
amount of broadening produced depends on the pressure and on the 
nature of the perturbing species. An approximation of the frequency 
broadening for the total frequency range across the half intensity 
• 4- • • -u 21 
points is given by 
Av = l/(2TTT) 
where T is the mean collision time. This equation is the same as the 
relation derived from the uncertainty principle for natural line 
broadening, except that the natural lifetime At is replaced by the 
mean collision time <j. The equation is based on the assumption 
that T is less than At and that whenever an excited molecule 
sustains a collision, a downward transition is induced. Hence, T 
becomes the limiting factor on the lifetime of the excited state 
with a corresponding uncertainty in the energy and frequency. 
Pressure or collisional broadening is usually the dominant effect 
at atmospheric pressure, but it decreases linearly with pressure. 
38 
The mean collision time is given by 
T - 1 / (72 v n CTq) 
where v is the mean velocity, n is the density of molecules, and 
n- is the scattering cross section. For the HO^ in the White cell uo 2 
at a pressure of about 200 ijmHg, the frequency spread is Av = 0.25 
5 - 1 
x 10 sec which corresponds, at the argon-ion laser wavelengths, 
-7 
to a line width of AX = 0.2 x 10 nm, or expressed in terms of 
-6 - 1 
the wavenumber Ak = 10 cm 
Therefore, the line broadening in the experiment in the Whit 
cell was due principally to the floppier effect and the total line 
-3 
width due to all the processes is about 10 nm. 
Qk 
APPENDIX C 
DIFFRACTION EFFECTS OF CORNER CUBE REFLECTORS 
33 
Eckhardt gives a complete description of the theory of 
corner cube reflectors except for his treatment of diffraction 
effects . These diffraction effects will be discussed for the type 
of corner cube reflector with which this author has had experience. 
The corner cubes used in this experiment were made commercially 
from a cylinder of glass, one end of which was cut off flat while 
the other end was cut with three mutually orthogonal faces. The 
view presented on looking into the end cut off flat is similar to 
the view that would be given by looking at the intersection of two 
walls and the ceiling of a room if the walls and ceiling were 
covered by mirrors. In looking into the corner cube reflector, one 
sees the three real edges and three "apparent" edges in reflection 
as shown in Figure 1 5 . 
Eckhardt treats the diffraction effects of the reflector 
just as if the corner cube were a circular aperture with a diameter 
the size of the front face of the reflector. However, the edges 
at the intersection of the rear faces of the cube also contribute 
to the diffraction pattern, and the "apparent" edges act as if they 
contribute because the real edges act as diffracting edges for each 
of two reflections which each beam makes before leaving the reflector. 
85 
86 
This statement may "be clarified Toy examining Figure 15 and con­
sidering parallel light incident on the reflector. After passing 
through the front face, the light is divided into three sectors 
upon striking the three edges a, To, and c. Consider the single "bundle 
of rays in the sector marked 1 determined by the real edges a and b . 
After the bundle hits this face it is reflected onto the other two 
faces marked 2 and 3? but also enclosed in the sector bounded 
by the reflections of a and b which are marked a' and b'. But edge 
c separates the single bundle from face 1 into two smaller bundles 
before reflecting the light out of the corner cube. Thus, the true 
equivalent diffracting aperture would be a circular aperture with 
six equally spaced wires of finite width emanating from the center 
of the circle. The diffraction pattern is different from that 
predicted by Eckhardt and results in a considerably larger pattern 
at large distances than that of the circular aperture as proposed 
by Eckhardt. 
A picture of this pattern at a distance of 2.2 m from a 2.5 
cm diameter corner cube reflector illuminated by a diverged laser beam 
is shown in Figure l 6. The picture shows the pattern as elliptical 
but this is due to the offset camera angle . At a distance of 200 m 
the pattern from a 3-5 cm corner cube becomes a set of six spots 
located at the corners of a symmetric hexagon measuring k cm between 
opposite sides. 
In order to estimate the diffraction spot size at large 
distances, each of the six sectors of light created by the 3-5 cm 
8 7 
Figure l 6 . Diffraction Pattern of a Corner Cube Reflector 
at Short Range. 
88 
reflector is approximated as a circular bundle of rays 1.25 cm in 
diameter at the corner cube. The angular divergence through this 
equivalent aperture is given by the expression for diffraction by a 
39 
circular aperture, 
sin 9 - 9 = 2.44 X / D 
where 9 is the total angular divergence, X is the wavelength, and D 
is the aperture diameter. For D = 1.25 cm and X = 500 nm, this gives 
-k 
8 = 0 .975 x 10 (radians) and the resulting spot size is the sum of the 
original diameter of 1.25 cm plus the increase of 3^.5 cm for the 
diffraction effects at 35^0 m. So the light returning to the 
receiver comes in six overlapping bundles approximately 36 cm in 
diameter each, with the centers of the bundles located at the 
corners of a hexagon k cm across. 
8 9 
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